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ABSTRACT:

In this work we prepared a DNA biosensor based on Fluorescence Resonance Energy

Transfer (FRET) between upconversion nanoparticles (UCNPS), that act as donors, and
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and graphene oxide (GO) that behaves as acceptor. The UCNPs were synthesized and
functionalized with single strands of DNA (ssDNA). When UCNPs are in the
proximity of the GO surface the interaction n-n stacking between the nucleobases of the
DNA and the sp? carbons of the GO provokes the fluorescence quenching due to the
overlapping between the fluorescence emission of the UCNPs and the absorption
spectrum of GO. By contrast, in presence of the complementary and antiparallel DNA
strands, the DNA strands anchored on the UCNPs self assemble with the
complementary DNA chains rendering double DNA strands (dsDNA) that do not
interact with the GO and thus the UCNPs recover their fluorescence. Our results
demonstrate that this sensor can detect qualitatively and quantitatively the
complementary DNA with a limit of detection in the range of femtomoles. Moreover,
this sensor is sequence-specific and does not detect a random or non-complementary
DNA sequence, whatever their concentration. The high sensitivity and the high
specificity of this sensor will permit fast and reliable detection of bacterial, viral or
human DNA and/or RNA.

INTRODUCTION

DNA is a biopolymer that can self assemble in a unique manner according to the
Watson-Crick base pairing rules. This self-assembly between two complementary
polymer chains, known as hybridization, is very specific and is based on the cooperative
hydrogen bonds produced between the base pairs, rendering a double helix structure.
This self-assembly capacity has been of great value in nanotechnology as a structural
material in DNA origami,’ polyhedral structures,® nanomechanical devices,® and as a
template for the self-assembly of other materials such as gold nanoparticles.*® This
hybridization process has also been of great utility in biomedicine for applications in
sensors.” The specificity of the self-assembly between complementary DNA strands can
be used for the detection of certain sequences of interest related to viral® or bacterial®
infections as well as in the detection of specific human DNA or mRNA sequences for

the diagnosis of diseases® or mutations.**

Among others, biosensors based on quenching and turn on of fluorescence have shown
significant advantages when were used as molecular beacons for amplified detection of

metal ions and organic molecules.**** These assays are designed with an Energy



Transfer (ET) pair in which the fluorescence of the donor is effectively quenched by the
acceptor. The addition of complementary target DNA or RNA provokes a separation
between the donor and the acceptor and therefore the fluorescence of the donor is
turned-on proportionally to the concentration of the target. The sensing of DNA using
these assays is often based on a self-complementary sequence within a hairpin loop that
creates an intimate contact between the quencher and the fluorescent dye. Upon the
addition of the complementary DNA, the hybridization provokes a separation of the
fluorophore from the quencher and the fluorescence can be detected.™>” Other assays
can detect the activity of DNAase enzymes which can selectively cleave a specific
oligonucleotide sequence, thus separating the fluorophore from the quencher and
restoring the fluorescence.’® Although there are many strategies for the design of DNA
based sensors, the detection sensitivity is determined by the fluorophores. The
commonly used organic dyes suffer from photobleaching and inorganic quantum dots
suffer from blinking effects. However, the main drawback is the excitation wavelength
of these fluorophores, which is normally located in the UV-Vis region. Furthermore, the
fluorescence background originating from biomolecules *° and the inner filter effect
provoked by the absorption of other species?® limit the detection sensitivity. These
drawbacks could be overcome using upconversion nanoparticles (UCNPs) as

fluorescence donors.

The UCNPs are lanthanide doped inorganic materials in which the excitation
wavelength is higher than the emission wavelength.?*?? They have shown several
advantages as fluorescence probes due to their high chemical and photochemical
stability, low toxicity, large Stokes shifts, lack of photobleaching and absence of
blinking.?**" However, the most important feature that makes the UCNPs an alternative
to classical organic dyes is the excitation wavelength, which is located in the “Near-
Infrared (NIR) region (typically 980 nm) which is the “optical transparency window” of
biological tissues.?® This excitation wavelength does not provoke any autofluorescence
of the biomolecules and also produces lower light scattering compared with UV-Vis
radiation.?® For these reasons, the signal to noise ratio can be greatly enhanced by using
these UCNPs as biological labels.*® It is important to note that the upconversion
fluorescence is produced by the inner 4f-4f orbital electronic transitions that are
shielded by the outer complete 5s and 5p orbitals, and the quenching of this
fluorescence is only possible on the surface of the particles.®* For this reason, the



upconversion fluorescence would require nanoparticles in which the surface-related
effects are dominant. However, an effective quencher for upconversion fluorescence is

difficult to find.*> Among others®***

, water soluble graphene oxide has been used as an
ultra-highly efficient quencher for UCNPs when the nanoparticles are in intimate
contact with the GO surface.® For this to happen, it would be necessary to functionalize
the UCNPs with molecules capable of interacting attractively with the GO surface. It
has been demonstrated that SSDNA biopolymers have a strong affinity for the surface of
GO due to strongly attractive n-7 interactions between the nitrogenous nucleobases and
the highly unsaturated structure of graphene oxide.*® In contrast, dsDNA has all the base
pairs hybridized and therefore they do not interact with the graphene oxide surface. On
this basis, it should be possible to design a fluorescence sensor for DNA using UCNPs
and GO as a FRET pair. Such upconversion fluorescence probes would be
functionalized with ssDNA and should be highly monodisperse and small enough to
permit FRET with graphene oxide. In the presence of the complementary DNA strand
(cDNA) the hybridization process would lead to dsDNA and the upconversion

fluorescence would be detectable.

In this work we prepared a fluorescence DNA sensor platform using the FRET pair
formed by Upconversion Nanoparticles (UCNPs) as fluorophores and Graphene Oxide
(GO) as quencher. We used erbium and ytterbium doped B-NaYF, nanoparticles as the
fluorescent donor because it is one of the most efficient upconverting nanomaterials.®’
The ratio between the ssDNA functionalized UCNPs and GO was optimized for
obtaining the maximum sensitivity and the biosensor was evaluated using the cDNA
sequence at different concentrations. In addition, the hybridization conditions for the
self-assembly of the DNA sequences were studied as a function of temperature and a
strong relationship was found between these conditions and the sensitivity of the sensor.
The experimental results demonstrate that this sensor permits the detection of cDNA
with a great sensitivity and specificity with a fast and reproducible methodology. This
platform could be used with biological DNA or RNA target sequences related to a

specific diseases or mutations.
EXPERIMENTAL SECTION

Materials. Erbium(lll) chloride hexahydrate (99.9%), Ytterbium(lll) chloride
hexahydrate (99.9%), Yttrium(l11) chloride hexahydrate (99.99%), 1-Octadecene (80%),



Oleic acid (90%), Sodium hydroxide (98%), Ammonium fluoride (98%), Methanol
(99.9%), n-Hexane (95%), N,N-Dimethylformamide anhydrous (DMF) (99.8%),
Tetraethyl orthosilicate (TEOS) (99.999%), Polyoxyethylene (5) nonylphenylether,
branched (IGEPAL CO-520), Ammonium hydroxide solution (30%), (3-
Aminopropyltriethoxysilane (APTES) (99%), Succinic anhydride (99%), Phosphate
buffered saline tablets, N-(3-Dimethylaminopropyl)-N"-ethylcarbodiimide
hydrochloride (EDC) (99%) and N-Hydroxysulfosuccinimide sodium salt (Sulfo-NHS)
(98%) were purchased from Sigma-Aldrich (St. Louis, USA) and used as received.
Nano Graphene oxide (powder) was purchased from Graphene Supermarket Inc (New
York, USA). The phosphate buffered saline (PBS) solutions were prepared dissolving
the tablet following the manufacturer’s specifications.

The DNA sequences were obtained from ATDBIio (School of Chemistry, University of
Southampton, UK). The ssDNA sequence that was covalently linked to the surface of

the nanoparticles (named from now on as probe ssSDNA sequence) was 5 -aminohexyl-

TTTTTTTTTTTTTTTTTTTTT-3". The target sequence (named from now on as
complementary sSDNA sequence) was 5 -AAAAAAAAAAAAAAA-
AAAAAAAAAAAAAAA-3". The random sequence (named from now on as non-
complementary ssDNA sequence) was 5 -CTAGATCCGTGTCCTCGT-3". All the
DNA oligomers were purified by reversed phase HPLC and the concentration was

calculated with UV-Vis spectroscopy.

Synthesis of monodisperse NaYF,;:Yb,Er nanoparticles. The synthesis was
performed by following a previously reported procedure®
236.62 mg of Yttrium(l1l) chloride hexahydrate (0.78 mmol), 77.5 mg of Ytterbium(llI)

chloride hexahydrate (0.20 mmol) and 7.63 mg of Erbium(lll) chloride hexahydrate

with slight modifications:

(0.02 mmol) were dissolved in a three-necked round bottom flask with 6 mL of oleic
acid (19 mmol) and 15 mL of 1-octadecene (46.9 mmol) and heated at 160 °C for 1 hour
and 30 minutes under nitrogen atmosphere. After this time, a solution containing 100
mg of sodium hydroxide (2.5 mmol) and 148.16 mg of ammonium fluoride (4 mmol)
dissolved in 10 mL of methanol was added dropwise under vigorous stirring. This
mixture was slowly heated to 100 °C for two hours under nitrogen atmosphere and then
30 more minutes under vacuum. Next, the flask containing the mixture was set up with
a thermometer, a reflux condenser and nitrogen atmosphere, and placed in a heating

mantle. The temperature was raised to 300 °C and left to react for 1 hour and 30



minutes. Subsequently, the mixture was left to cool down to room temperature and the
NaYF,:Yb,Er nanoparticles were collected by centrifugation (8500 rpm, 10 minutes)
with a mixture of hexane, ethanol and water (2:1:1 in volume). The pellet was
redispersed with 5 mL of ethanol and centrifuged in a mixture of ethanol and water (1:1
v/v). This process was repeated three times. Finally, the purified NaYF4:Yb,Er

nanoparticles were redispersed and stored in hexane.

Synthesis of NaYF,:Yb,Er@SiO; nanoparticles. The silica coating of the synthesized
UCNPs was performed by the base catalyzed polymerization of TEOS in a reverse
microemulsion.*®** Briefly, 240 mg of IGEPAL CO-520 and 5 mL of a hexane solution
with the UCNPs (2 mg/mL) were mixed with an ultrasound bath. Then, 40 pL of
ammonium hydroxide solution (30%) were added and gently mixed. The solution
turned totally transparent, which indicated the formation of the microemulsion. The
reaction started when 30 pL of TEOS were added under stirring, and it was left to react
overnight at room temperature. The reaction finished when the microemulsion was
destabilized with 5 mL of methanol. The core@shell NaYF,:Yb,Er@SiO, nanoparticles
(UCNPs@SIiO,) were purified by centrifugation (8500 rpm, 10 min) with ethanol three

times.

Surface modification of the NaYF,:Yb,Er@SiO, nanoparticles. The carboxylic acid
functionalized NaYF,;:Yb,Er@SiO, nanoparticles (UCNPs@SiO,-COOH) were
prepared by sequential functionalization steps™: First, the surface was functionalized
with amino groups by the addition of 150 pL of APTES to the synthesized
UCNPs@SiO, dissolved in 5 mL of ethanol. This mixture was stirred at room
temperature overnight. The UCNPs@SiO,-NH, nanoparticles were centrifuged and
dispersed in 5 mL of anhydrous DMF three times. Then, 150 mg of succinic anhydride
(1.49 mmol) were dissolved in 3 mL of anhydrous DMF and added dropwise to the
anhydrous DMF solution containing the UCNPs@SiO,-NH, and stirred at room
temperature overnight. The ring opening reaction led to the carboxylic acid
functionalized upconversion@silica nanoparticles, which were collected by
centrifugation. The DMF solvent traces were removed after several centrifugation steps
with ethanol. Finally, the UCNPs@SiO,-COOH nanoparticles were dispersed in water.

Attachment of the probe ssDNA sequence to the NaYF4: Yb,Er@SiO;
nanoparticles. The DNA was covalently attached to the surface of the nanoparticles by



the carbodiimide coupling reaction. This reaction produced a covalent bond between the
carboxylic acid group on the surface of the UCNPs@SiO, nanoparticles and the amino
group in the 5 end of the probe ssDNA sequence. The EDC coupling reaction was
performed as follows: The UCNPs@SiO,-COOH nanoparticles were dispersed in
borate buffered solution (0.001 M) at a concentration of 1.82 mg/mL. 200 pL of this
solution (0.364 mg of nanoparticles) were added to an eppendorf tube prior to the
addition of 20 pL of an EDC solution in borate buffer (0.3 M) and 40 pL of a Sulfo-
NHS solution in borate buffer (0.3 M). The mixture was shaken for 5 minutes and then
30 L of the aqueous solution of probe ssDNA (220.65 uM) were added. The reaction
was stirred overnight and the probe ssDNA functionalized nanoparticles
(UCNPs@SiO,-ssDNA) were purified by centrifugation (16.400 rpm, 20 minutes)
twice. The purified UCNPs@SiO,-ssDNA nanoparticles were collected with phosphate
buffered saline (PBS) solution (0.01 M pH 7.4) and stored at -20 °C.

Characterization methods. TEM specimens of the nanoparticles were prepared by
placing a drop of a diluted solution on a TEM copper grid coated with a Formvar film
and left to dry in air. The size and morphology of the samples were observed with a
JEM-1010 electron microscope working at 80 kV equipped with a digital camera
GATAN megaview Il (JEOL, Japan). The nanoparticle size distribution was analyzed
with ImageJ (National Institutes of Health, USA) and Soft Imaging Viewer (Olympus,
Japan) software, considering over 300 nanoparticles for the statistical analysis. The
upconversion fluorescence measurements were performed in a manually aligned setup
with a continuous wave 980 nm 500 mW diode laser (Armlaser, USA) as excitation
source and a SpectraSuite Spectrometer (OceanOptics, USA) as detector. The detector
was placed at an angle of 90° to the excitation beam, and the emitted fluorescence was
collected via fiber optic cable and measured with the software provided by SpectraSuite
(OceanOptics, USA). A cuvette with the corresponding solvent was measured under
illumination with the 980 nm laser beam and set as the blank for each measurement. All
measurements were performed with 2.000 msec of integration time and 100 scans to
average. All fluorescence experiments were repeated at least three times with
independent measurements and the fitted data presented in this manuscript shows the
statistically significant mean value * error. The represented data (graphs) represent one
individual measurement for an easier visualization. The Z-potential measurements were

performed using a Zetasizer Nano ZS instrument (Malvern Instruments, UK) and the



accumulation time was determined automatically for each sample. The acquired data

was processed using the software provided by Malvern (Zetasizer software v7.03).

RESULTS AND DISCUSSION

Synthesis and surface functionalization of Upconversion Nanoparticles. The
synthesis of NaYF,:Yb,Er nanoparticles produced highly monodisperse spherical
UCNPs with a mean diameter of 29.1 + 2.2 nm as measured by TEM micrographs
(Figure 1A). These nanoparticles could be easily dispersed in organic solvents such as
hexane due to the presence of oleic acid as capping and stabilizing agent. The UCNPs
were subsequently coated with a silica shell by a reverse microemulsion method. With
this procedure it was possible to obtain monodisperse spherical core@shell
NaYF4,:Yb,Er@SiO, nanoparticles in which each upconversion nanoparticle was
covered with silica and no large aggregates with multiple-core were found. The overall
mean diameter of the UCNPs@SiO, nanoparticles was 47.34 + 3.8 nm with a silica
shell thickness of approximately 11 nm as analyzed with TEM micrographs (Figure
1B). The UCNPs@SiO, nanoparticles could be dispersed in polar solvents such as
ethanol or water. The obtained nanoparticles showed the characteristic upconversion
fluorescence spectrum for Ytterbium and Erbium doped NaYF, nanoparticles when
excited with a CW 980 nm 500 mW laser diode (Figure 1C). The upconversion
fluorescence with these Erbium doped nanoparticles showed the emissions at 534 and
549 nm (green emission corresponding to the transition Sz, > “lis) and at 654 nm
(red emission corresponding to the transition “Fg, > “lisp).** The nanoparticles
dispersed in water formed a transparent solution in which the upconversion fluorescence
could be observed by the naked eye when the sample was excited with the 980 nm laser
(Figure 1D).
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Figure 1. A) TEM micrograph of monodisperse NaYF;:Yb,Er nanoparticles. B) TEM
micrograph of monodisperse and individually coated NaYF,:Yb,Er@SiO, nanoparticles. Scale
bars are 50 nm. C) Fluorescence spectrum of a diluted solution in ethanol of the silanized
upconversion nanoparticles when excited with a cw 980 nm laser. D) Pictures taken of the
diluted solution of silanized upconversion nanoparticles in ethanol without laser excitation (left)
and the same solution under the excitation of a cw 980 nm laser (right). The room light was
turned off to take this picture.

The surface of the NaYF,:Yb,Er@SiO, nanoparticles was then modified in several steps

prior to the covalent attachment of the sSDNA sequence (Scheme 1).
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Scheme 1. Synthetic pathway for the functionalization of UCNPs@SiO, nanoparticles. The first

step resulted in silanization of the upconversion nanoparticles. Then, the surface was positively
charged with amino groups with APTES. These amino groups acted as nucleophiles for the
reaction with succinic anhydride, which led to carboxylic acid functionalized UCNPs@SiO,
nanoparticles. The final step consisted in the EDC coupling reaction between the amino-
modified probe ssDNA sequence and the obtained carboxylic acid in the surface of the

nanoparticles.

The first functionalization step consisted in the addition of an excess of (3-
aminopropyl)triethoxysilane (APTES) to the nanoparticles in ethanol. The Z-potential
of the UCNPs@SiO; nanoparticles turned from -28.3 + 3.55 mV to +8.74 + 3.99 mV
which was indicative of the presence of NH, groups on the surface of the nanoparticles
(named UCNPs@SiO,-NHy). The variation of the Z-potential was concomitant with a
reduction of the aqueous stability of these nanoparticles. This step provided amino
groups, which could act as nucleophilic centers for the reaction with succinic anhydride
in DMF. This ring opening reaction created a covalent amide bond and a terminal
carboxylic acid group in the surface of the nanoparticles. After this reaction, the Z-
potential changed from +8.74 + 3.99 mV to -16.4 + 3.99 mV indicating the presence of
carboxylate groups. The resulting UCNPs@SiO,-COOH nanoparticles were highly
stable in aqueous solution. Figure 2 shows the Z-potential of the UCNPs@SIiO,,
UCNPs@SiO,-NH; and UCNPs@SiO,-COOH nanoparticles respectively.
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Figure 2. Z-potential measurements of the surface-functionalized upconversion nanoparticles:
UCNPs@SiO, nanoparticles (red curve); UCNPs@SiO,-NH; nanoparticles (blue curve); and
UCNPs@SiO,-COOH nanoparticles (green curve).

The presence of COOH groups on the surface of the UCNPs@SiO,-COOH nanoparticle
opens the possibility to covalently attach ssDNA by means of the EDC coupling
reaction. With the appropriate buffered solution, and the co-activator Sulfo-NHS and
EDC as catalysts, the 5-amino modified ssSDNA was attached, rendering the
UCNPs@SiO,-ssDNA nanoparticles. The probe ssDNA was used in excess in the
synthesis so that the maximum quantity was attached. However, it was not possible to
measure the total amount of ssDNA per nanoparticle. A control synthesis was
performed with a similar sequence that contained a fluorescent dye (Cy3) at the 3" end.
The fluorescence of the Cy3 was observed after the purification steps, which indicated

that the coupling was successful (Figure S1 in the Supporting Information).

Optimization and evaluation of the ssDNA sensor based on UCNPs and Graphene
Oxide. The FRET pair between UCNPs@SiO,-ssDNA and Graphene Oxide (GO) was
studied for the optimization of the sensor. First, the concentration UCNPs@SiO,-
ssSDNA nanoparticles was set as 0.4 mg/mL in 2 mL, and different concentrations of GO
(ranging from O to 1 mg/mL) were prepared and incubated at 40 °C for one hour. After
this time, the samples were left to cool down to room temperature prior to the
fluorescence measurements, figure 3 depicts the fluorescence intensity of the
UCNPs@SiO,-ssDNA as a function of the GO concentration.
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Figure 3. Upconversion fluorescence spectra of the UCNPs@SiO,-ssDNA nanoparticles (0.4

mg/mL) in the presence of different concentrations of graphene oxide (exc. 980 nm).

Figure 3 depicts the reduction of fluorescence intensity of UCNPs@SiO,-ssDNA (0.4
mg/mL) when the concentration of graphene oxide increased. The analysis of the
fluorescence quenching of UCNPs@SiO,-ssDNA at 549 nm and 654 nm as a function

of the GO concentration is shown in figure 4.
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Figure 4. Representation of A) the maximum fluorescence intensity and B) normalized
fluorescence intensity of the UCNPs (0.4 mg/mL) measured at 549 and 654 nm as a function of
the GO concentration. The inset in figure 4B) represents the Stern—Volmer plot for the
fluorescence quenching with GO of the emission bands located at 549 nm (green line) and 654

nm (red line) respectively.

Figure 4A shows that the fluorescence intensity was almost quenched when the
concentration of GO was around 0.3 mg/mL. From this point, a further addition of GO
provoked a very small increase in quenching. This behavior was equal for both Erbium
emission wavelengths located at 549 and 654 nm respectively, as is shown in figure 4B.
These results permitted us to establish 0.3 mg/mL of GO as the optimum concentration
for quenching the fluorescence emission of 0.4 mg/ml of the UCNPs@SiO,-ssDNA
since it was the minimum concentration of quencher that provoked the maximum
fluorescence decrease. A quantitative measure of the fluorescence quenching is given by

the Stern—Volmer constant st’ defined by:

Fo/F=1+K4,-[GO]



where Fo and F are the intensities of fluorescence in the absence and in the presence of

the quencher, respectively, and [GO] is the concentration of quencher.

For the UCNPs@SiO,-ssDNA quenched by GO the obtained Ky, was around 11 for
both wavelengths, indicating that the quenching mechanism was due to FRET between
the UCNPs and the GO, and not by a simple absorption process in which the GO would
absorb the photons emitted by the UCNPs. If this was the case, the fluorescence
guenching of the photons at 549 nm would have been higher than that of the photons at
654 nm, due to the absorption spectrum of GO (Figure S2 in the Supporting

Information).

With the aim to assess the importance of the interaction between the ss-DNA and GO
on the fluorescence quenching of the UCNPs@SiO,-ssDNA, the fluorescence of
UCNPs@SiO, with and without ssDNA at a concentration of 0.4 mg/mL was studied in
the presence of 0.3 mg/ml of GO (see figure 5).
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Figure 5. Left: Fluorescence intensity of 0.4 mg/mL of UCNPs@SiO,-ssSDNA nanoparticles in
the presence (black curve) and in the absence (red curve) of 0.3 mg/mL of GO. Right:

Fluorescence intensity of 0.4 mg/mL of UCNPs@SiO, nanoparticles in the presence (black



curve) and in the absence (red curve) of 0.3 mg/mL of GO. Both samples were incubated for 1
hour at 40 °C.

The control experiments demonstrated that 0.3 mg/mL of GO was able to quench the
97% of the fluorescence emission of the UCNPs@SiO,-ssDNA. By contrast, under the
same experimental conditions, the fluorescence quenching observed on UCNPs@SiO;
nanoparticles without DNA was around 16%. These results demonstrated that the FRET
based fluorescence quenching was specific for UCNPs@SiO,-ssDNA nanoparticles and

was due to the attractive m-r interactions between the ssDNA and the GO surface.

A means to disrupt the attractive m-n interactions between the ssDNA and the GO
surface could be hybridization of the ssDNA strand with its complementary ssSDNA
sequence, which could be the target molecule. That would induce a conformational
change of the DNA strands that would prevent the adsorption of the UCNPs@SiO,-
sSDNA nanoparticles on the GO surface. As result the UCNPs@SiO,-ssDNA
nanoparticles would recover their fluorescence. In order to prove this, 0.4 mg/mL of
UCNPs@SiO,-ssDNA  nanoparticles were incubated in PBS with different
concentrations of the complementary ssDNA (from 0.1 nM to 400 nM) for 2 minutes at
90 °C and then slowly cooled down to 40 °C. After this time, a solution of GO in PBS
was added and the final concentration was 0.3 mg/mL. The mixture was incubated for 1
hour at 40 °C and then cooled down to room temperature prior to performing the
fluorescence measurements. Figure 6 represents the fluorescence intensity of
UCNPs@SiO,-ssDNA nanoparticles in the presence of GO and different concentrations
of the complementary ssDNA.
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Figure 6. Representation of the fluorescence spectra of the UCNPs@SiO,-ssDNA nanoparticles
(0.4 mg/mL) in the presence of different concentrations of complementary ssDNA and 0.3
mg/mL of GO (red curves) The black curve is the fluorescence spectrum without the addition of
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Figure 6 shows the fluorescence intensity recovery of the UCNPs@SiO2-ssDNA
nanoparticles in the presence of GO after adding increasing concentrations of the
complementary ssDNA. The analysis of the maximum intensity as a function of the
concentration of the complementary ssDNA is represented in figure 7.
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Figure 7. Representation of the maximum fluorescence intensity bands measured at 549 nm
(left) and 654 nm (right) of the UCNPs@SiO,-ssDNA nanoparticles as a function of the

complementary ssDNA concentration.

Figure 7 shows two trends in the fluorescence recovery upon the addition of the
complementary ssSDNA strands. Thus, at low concentrations of complementary ssSDNA
(below 2 nM) the intensity recovery increases abruptly. This increment could be due to
the contribution of those UCNPs@SiO2-ssDNA nanoparticles functionalized with the
fewest number of ssDNA strands, which can be hybridized completely, even at low
concentrations of DNA. As result, these particles do not interact with the surface of GO
and recover their fluorescence intensity. By contrast, for those particles functionalized
with larger numbers of ssDNA strands it is necessary to add higher concentrations of
complementary ssDNA. Under this scenario, the ssDNA strands anchored on the
surface of the nanoparticles can be completely hybridized and the fluorescence intensity
totally recovered

The fluorescence intensity measured with the highest concentration of complementary
sSDNA (400 nM) was almost equal to that of the solution of UCNPs@SiO,-ssDNA (0.4

mg/mL) without GO and no further increments were observed after increasing even



more the concentration of the complementary ssSDNA. This result would indicate that
under this condition, the UCNPs@SiO,-ssDNA would be totally hybridized.

The detection limit of this DNA biosensor was experimentally demonstrated to be at a
concentration of 100 pM. However, the theoretical detection limit inferred from the
double exponential fitting function was 5 pM. Taking into account that the total volume
of the sample solutions was 2 mL, the amount of complementary DNA detected in our

experiments was 100 fmoles.

The specificity of the sensor was evaluated with a control experiment, in which the
UCNPs@SiO,-ssDNA nanoparticles (0.4 mg/mL) were incubated in PBS in the
presence of non-complementary DNA sequences at concentrations from 100 nM to
1uM. The incubation was performed at 90 °C for 2 minutes and then a PBS solution of
GO was added, obtaining a final concentration of 0.3 mg/mL, and left for 1 hour at 40
°C. After cooling down to room temperature, the upconversion fluorescence was

measured, see Figure 8.
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Figure 8. Representation of the upconversion fluorescence spectra of the UCNPs@SiO,-ssDNA
nanoparticles (0.4 mg/mL), hybridized at 90 °C for 2 minutes and at 40 °C for 1 hour, with
different concentrations of a random sequence of ssDNA (non complementary ssDNA) and 0.3

mg/mL of GO (red curves).

Figure 8 shows that independently of the concentration of non-complementary DNA

strands, the UCNPs@SiO,-ssDNA did not recover their fluorescence emission, which



remained constant in the same range of values as the intensity obtained for
UCNPs@SiO;,-ssDNA (0.4 mg/mL) totally quenched with GO (0.3 mg/mL). These
results demonstrate that this DNA biosensor platform is selective for its complementary
DNA strand.

CONCLUSIONS

In this work a DNA biosensor platform was prepared by exploiting the FRET pair
formed between upconversion nanoparticles and graphene oxide. The UCNPs were
synthesized and functionalized with ssSDNA on the surface. The quenching of the
upconversion fluorescence was demonstrated to be specific for the sSDNA
functionalized nanoparticles. The influence of the ratio between the concentration of the
UCNPs@SiO,-ssDNA nanoparticles and the concentration of GO was studied and
optimized. When the nanoparticles were incubated with fully complementary DNA, the
fluorescence was not quenched by the GO. The fluorescence intensity depended on the
cDNA concentration. This should permit the use of this biosensor platform in both
qualitative and quantitative assays. The detection limit was experimentally and
theoretically calculated to be in the pM range, which corresponded in our experimental
conditions to femtomoles of cDNA. In addition, it was demonstrated that the sensor was
sequence-specific. To the best of our knowledge, this is the first FRET pair that reports

such a high sensitivity and specificity for DNA sensing.
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